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Abstract : A new met hod of nanocontact f abrication f or A dreev ref lection measurement based on t he nanop ore

met hod using a SiN membrane wit h f ocused ion beam technique is p resented. Wit h t his met hod , cont rollable ,

clean , tensionless nano2contacts f or spin p olarization p robing can be obtained. Measurements of t he f abricated

samples show complicated spect ral st ructures wit h a zero bias anomaly and dip st ructures f rom quasip artical inte r2
actions . A cont rol sample of Co40 Fe40 B20 is measured wit h N b tip met hod. N one of t he measured sp ect ra can be ex2
plained satisf act orily by p resent t heory. Furt her analysis of t he contact interf ace and a more complete t heory are

needed t o ext ract a reliable spin p olarization message wit h t he p oint contact A ndreev ref lection met hod.
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1　Introduction

The rapid develop ment of magnetoelect ronic
devices in recent years is stimulating a search for
materials wit h high spin polarization since t he per2
formance of such devices depends critically on a
substantial spin polarization[ 1～3 ] . A reliable method
for determining t he spin polarization ( P) of new
materials is t herefore important .

There are currently only a few met hods to de2
termine P. The most widely used met hod so far in2
volves t he use of a superconducting tunnel junc2
tion ,which consist s of a superconductor/ insulator/
ferromagnet stack of layers[4 ,5 ] . The usual st ruc2
t ure is Al/ Al2 O3 / ot her metal . The value of P can
be determined by exploiting t he characteristics of
t he density of states of t he superconductor in a
magnetic field. There are , however , a number of
drawbacks in t his met hod. Tunneling occurs only
within a few monolayers at t he interfaces between

t he metal elect rodes and t he insulating barrier lay2
er [ 6 ] . The spin polarization of t hese interfacial mon2
olayers can be substantially different f rom t hat of
t he bulk. Furt hermore ,t he fabrication of a pinhole2
f ree insulating barrier layer wit h a t hickness of a2
bout 1nm is p roved to be rat her difficult . The char2
acteristics of t he barrier material must also be
taken into account in determining P via t he tunne2
ling mat rix element s.

Recently ,t here has been a renewed interest in
metal/ superconductor junctions , largely driven by
t he ability to measure t he spin polarization P of t he
conduction elect rons in a metal with what is called
t he point2contact Andreev reflection ( PCAR) meth2
od[7～9 ] .

Andreev reflection is a p rocess by which an e2
lect ron , incident f rom a normal metal on a normal
metal/ superconductor interface wit h energy less
t han the superconductor energy gap (Δ) , is con2
verted into a cooper pair in t he superconductor ,
leaving a hole in the oppo site spin band of t he met2



半　导　体　学　报 第 27卷

al . The detailed theory—B T K t heory—was devel2
oped by Blonder et al . [10 ] . For ferromagnetic mate2
rials , t he majority and minority bands are not e2
qual ,and t he Andreev reflection is seriously sup2
pressed[11 ] .

The spin polarization of a metal is usually de2
fined as

Pn = ( n ↑ - n ↓) / ( n ↑ + n ↓)

where n↑ and n↓ are t he charge densities at t he
Fermi energy of t he majority and minority bands ,
respectively. However ,in t he measurement of spin
polarization with t he PCAR or t unneling met hod ,
one measures P = ( I↑ - I↓) / ( I↑ + I↓) , t he imbal2
ance in the current s of t he majority and minority
carriers[9 ] . We will use t his definition of P ,which is
relevant to t he spin polarization as measured by
PCAR ,under certain conditions , such as when the
Fermi velocities of all t he spin current s are the
same , so that P = Pn

[ 12 ] . Note t hat , alt hough I↑

can be larger or smaller t han I↓ , wit h PCA R we
can only measure t he absolute value of t he spin po2
larization | P| . PCA R does not suffer f rom t he a2
bove mentioned drawbacks since it does not rely on
t he preparation of a t hin insulating barrier layer
and it p robes the polarization not merely for a few
monolayers at t he interface but on t he lengt h scale
of t he elect ron mean f ree pat h in t he metal . Fur2
t hermore ,PCAR is very well suited for t he meas2
urement of the spin polarization of new materials ,
for which t he fabrication of high quality t unnel
junctions is often a formidable challenge.

The mo st f requently used method recently in2
volves t he use of a fine tip of a normal metal ( su2
perconductor) cont rolled by a differential screw.
The tip is usually fabricated by chemical etching or
by fine mechanical grinding. The tip is t hen
brought into mechanical contact wit h a supercon2
ductor (normal metal) at a certain p ressure. This is
rat her simple compared to t he t unneling method
and ot her recent met hods , since it is easy to
change t he material to be measured and the contact
resistance is easy to cont rol by adjusting t he pres2
sure on the tip . Alt hough it seems a great success
to ext ract information f rom normal metals and fer2
romagnetic metals with t his met hod ,t here are still
some drawbacks. The interface at t he contact is dif2
ficult to cont rol even t hough t he tip is usually ul2
t rasonically cleaned to remove residue. It is also
difficult to characterize t he contact formed between

t he tip and t he counter materials. First ,t he contact
area ,which is usually calculated by t he Sharvin for2
mula[ 12 ,13 ] , cannot be directly cont rolled. Second ,
t here is a complicated interface wit h an unclear
barrier possibly f rom residue and oxidation at t he
contact . Third ,t here is also tension between the tip
and t he subst rate f rom a crystal lat tice mismatch at
t he interface and especially f rom t he pressure exer2
ted by t he screw ,which changes t he band st ruct ure
of t he material at t he contact . These conditions are
very difficult to account for in t heory , and t hey
make t he barrier parameter Z[10 ] unclear . These
problems make t he reliability of t he ext racted spin
polarization values doubtf ul . The importance of t he
influence of t he p ressure on the spect rum from t he
abe2rrance of t he crystal lat tice is still unclear at
p re2sent ,so it is not surp rising t hat different exper2
iment s give different result s[8 ,9 ,14 ,15 ] . Therefore a
nat ural ,clean contact in such measurement s is re2
quired.

1〗In 1998 , Upadhyay et al . [ 8 ] used anot her
met hod to form a nat ural contact . They fabricated
bimetallic nanocontact s by t hermal evaporation in a
vacuum of 1133×10 - 5 Pa onto bot h sides of a sili2
con2nit ride membrane containing a tapered hole
made by elect ron beam lithograp hy ( EBL ) and re2
active ion etching (RIE) [ 16 ] . This is a rat her compli2
cated fabrication p rocess ,and the measured spect ra
show obvious barrier characteristics possibly due to
t he poor quality of t he evaporated film.

Recently , focused ion beam ( FIB ) etching ,
which makes t he fabrication of nano st ruct ures less
t han 30nm easy ,has become a pop ular nanofabrica2
tion technique. We t ry to form a small hole by this
met hod and t hen deposit superconducting and ot her
materials on both sides of t he membrane wit h high
vacuum magnet ron sp ut tering to form a small me2
tallic contact . Wit h this met hod ,t he contact size is
determined by t he hole size at the contact ,which is
determined by t he parameters of t he FIB etching.
The contact is then formed naturally by depositing a
film at the atomic level at a deposi2ting rate below
011nm/ s. The contact should be tensionless and
clean if t here had been no vacuum break. Compared
to the bowl2shaped hole by Upadhyay et al . [8 ] ,
t hese ion2beam2milled holes have a rat her sharp
shape.
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2　Sample fabrication

100nm thick silicon nit ride membranes wit h
silicon2supported f rames were used. Nanopores
t hrough t he silicon nit ride membranes were milled
using a beam current of 10pA at 30keV. The shape
of t he pore and the nanocontact size on t he under2
side of t he membrane were determined by FIB
cross2sectioning and SEM imaging. If t he initial
hole diameter was 40nm or less ,conical pores were
created and t he size of the nanocontact s was 3nm
or less. If t he milled holes were larger t han 100nm ,
t hen t he pores had near2vertical side walls. The
conical shape of t he 40nm holes was due to t he re2
deposition of sp ut tered material onto t he sidewalls
of t he pores during the milling. As t he dept h of the
milled hole increased , the solid angle t hrough
which t he sp ut tered material could“escape”de2
creased , and material was redepo sited onto the
sidewalls of t he hole. Figure 1 shows an SEM im2
age of a FIB2prepared cross2section t hrough a nan2
opore with a conical shape ( in t his example the
hole was milled to 70nm to yield a wider pore in or2
der to increase t he probability of it being cross2sec2
tioned t hrough it s cent re) .

Fig. 1　Cross section of hole filled by sputtering

The nanocontact s were t hen prepared by sp ut2
tering a 100nm t hick s2wave superconducting film
on one side of t he silicon nit ride membrane and
t hen depositing ot her normal metal or ferromagnet2
ic materials on the ot her side af ter flipping the
membrane. To prevent a short between t he top and
bottom elect rodes ,t he edges were masked

with copper tape during sp ut tering. To avoid an
oxide layer formed when flipping the membrane in
the air , the membrane was cleaned by Ar ion etching
before depositing the material on other side of it .

3　Results and discussion

In connection wit h t he B T K formalism , there
is a difference between ballistic and diff usive t rans2
port ,defined by t he ratio of t he mean f ree pat h l of
t he elect rons and t he contact diameter d. In gener2
al ,t here are t hree possible types of t ransport in a
PCAR experiment : ballistic ( l ν d) , diff usive ( l µ
d) ,and intermediate ( l～ d) .

The diameter of t he contact d can be calculat2
ed f rom t he equation for t he junction (contact) re2
sistance[ 13 ,17 ]

RN = R0 (1 + Z2 ) ≈ (4ρl/ 3πd2 +ρ/ 2 d) (1 + Z2 )

where t he first term in t he exp ression for R0 is
Sharvin resistance for a metallic contact wit h no
barrier [13 ,14 ] for ballistic contact s ,while t he second
is t he Maxwell resistance for diff usive t ransport ,
whereρis t he conductance of the material ,and Z is
t he barrier st rength of t he point contact .

For our metal contact s , t he Z value is usually
very small ( < 011) . We can use t he Sharvin resist2
ance to get a rough value of t he diameter of t he
contact . The holes are usually around 10nm in t he
SEM image , and t he resistance of contact is 30～
50Ω ,consistent wit h t he Sharvin formula calcula2
tion. Thus t he contact should be around 30nm ,
which is in t he ballistic range for Nb ,and a lit tle
shorter in the film t han in the bulk material . There
is no great difference between the spin polariza2
tions ext racted wit h ballistic model and diff usive
model [18 ] .

The samples were measured using t he stand2
ard four2terminal lock2in technique to get t he dif2
ferential resistance dV / d I versus I of t he point
contact . The dV / d I2I curves were t hen converted
into t he dynamical conductance d I/ dV2V curves ,
and the normalized conductance curves were ob2
tained by dividing d I/ dV2V by one of it s high bias
values. Figure 2 is a typical R2T curve of an Au/ Nb
contact ,similar to t hose of t he ot her samples.

For comparison to other works[ 8 ,9 ,14 ] ,Figure 3
shows t he dip st ruct ures at the (Au/ Nb) contact or
out side t he gap energy range ,which are similar to
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Fig. 2　R2T curve of Au/ Nb

t he spect ra measured by Sheet et al . [ 15 ] . Furt her2
more ,all t he spect ra show a ZBA st ruct ure ,which
is p rominent for normal metal and slight for ferro2
magnetic metal and t he alloy Co40 Fe48 B12 . For t he
Au/ Nb sample , t here are st rong oscillation st ruc2
t ures out side t he dip st ruct ure ,and slight ones for
Cu/ Nb. For ferromagnetic materials , such st ruc2
t ures do not appear , but t he position of t he dip
st ruct ure is ext remely far f rom t he energy of t he
superconductor gap . The Andreev2reflection2like
peak in t he Cu/ Nb junction is slightly greater than
2 ,which is similar to t he cases in Shan’s work[19 ] .
These feat ures are not p resently included in t he
standard and extended B T K t heories[10 ,14 ,20 ] , and
t he reason for them is still not clear .
　　　　　　　　　　　

Fig. 3 　 ( a ) Normalized G2V curve of Au/ Nb contact ; ( b ) Normalized G2V curve of Cu/ Nb contact ;
(c) Normalized G2V curve of Ni/ Nb contact ; (d) Normalized G2V curve of Co40 Fe48B12 / Nb contact

There are many possible explanations[14 ,15 ,19 ] , so it
is difficult to ext ract reliable information f rom
t hem. Qualitatively ,t he normal metal Au ,Cu junc2

tion shows an enhanced conductance wit hin the gap
of t he superconductor . The conductance of t he Ni/
Nb , Co40 Fe48 B12 / Nb junction is depressed wit hin
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t he gap energy of Nb compared with Au and Cu ,
especially for Co40 Fe482B12 . Namely ,Co40 Fe48B12 has
a high spin polarization ,at least as compared wit h
Ni by t he PCAR t heory.

Sheet et al . explained t he dip st ruct ures by a
critical current [15 ] ,and t hey excluded t he proximity
effect [14 ] as a possible reason t hat t he ferromagnetic
material should be a st rong pair breaker . For our
sample ,t he dip st ruct ures cannot have any corre2
spondence with t he superconductor gap except for
t he Au/ Nb case ,and t he contact size is not in the
diff usive range as well , so t here must be anot her
reason for t hese characteristics.

Shan et al . [19 ] int roduced a Josep hson junction
in series wit h a normal2metal/ superconductor (N/
S) point contact to model t he tunneling. By t uning
t he weight s of t he point contact Andreev reflection
voltage and t he Josep hson voltage , t hey obtained
result s consistent with BCS s2wave pairing in MgC2
Ni3 . Chainani et al . [ 21 ] used high sensitivity angle2
integrated p hotoemission spect ra for st rong2cou2
pling superconductors Pb and Nb. They found a
large spect ra weight redist ribution up to 15meV ,
which is much larger than t he gap energy or Tc of
Nb. By estimating t he values of t he gap using
Dynes’f unction[22 ] fit by int roducing the t hermal
broadening parameterΓdue to t he finite life of the
quasiparticles at t he gap edge , t hey obtain a value
of 2Δ(0) / KB Tc for Nb of 317 ,which is in good a2
greement wit h t he t hermodynamic measurement of
318 ,which is a possible reason for t he nat ure of the
spect ra we obtained.

There are many possible sources for ZBCP ,in2
cluding Kondo2type scat tering by magnetic imp uri2
ties in the small barrier at t he interface[23～26 ] ,
Cooper pair or reflectionless t unneling in high2
t ransmit tance junctions[27 ,28 ] ,and anomalies in t un2
neling between two 2D elect ron gases[29 ,30 ] .

For comparison , Figure 4 gives t he Andreev
spect rum of a Co40 Fe40B20 / Nb contact made simply
by applying an Nb tip . The solid line is a B T K fit
with parameters T = 2 K ,Δ= 11225meV , and Z =
0103. The significant broadening is due to a large
t hermal broadening effect ,which is always observ2
able in point contact measurement s ,but t here is no
obvious ZBA st ructure or dip st ruct ure. From the
fit ,we obtain a polarization of 01455 , smaller t han
t hat f rom the t unneling junction value obtained by
t he J ullière formula[ 31 ] , which is about 016～017.

Therefore f urt her verification is needed.

Fig. 4　Normalized G2V curve of Co40 Fe40 B20 / Nb con2
tact by Nb tip method 　The st raight line is the B T K

fit . For thermal broadening of the spect rum , only the

key feature of the gap st ructure is fitted by T = 2 K ,Δ=

11225meV , Z = 0103 .

From our work and ot her works[ 15 ] , t he ZBA
usually appears accompanied by the dip st ruct ure
for junctions wit h low temperat ure superconduc2
tors[15 ,19 ] . Most likely , t hey come f rom t he same
source. For our sp ut tered samples , t he possible
mixing of different materials f rom t he roughness at
t he contact may be one reason. Ni and Co FeB are
not simple Stoner ferromagnet s ; t heir band st ruc2
t ure is quite complicated , and a complete t heory
should take the s2 and d2band elect rons ,and t heir
hybridization into account . For reliable ext raction
of spin polarization information f rom t hese materi2
als ,not only a high t ransparency and clean contact
are needed , but also a more delicate theory inclu2
ding possible mechanisms.

4　Conclusion

A new met hod for fabricating Andreev nano2
contact s involving the FIB etching of a membrane
is used for spin polarization measurement s. Wit h
t his simple met hod , we can get a cont rollable ,
clean , tensionless interface at t he contact . The
spect ra measured f rom normal metal and ferromag2
netic metal showed complicated peak st ruct ures
po ssibly f rom ZBA and quasipartical interactions
for all membrane samples. For t he ferromagnet/ Nb
junctions , t he gap st ructures are smeared. The
present standard and extended B T K theories can2
not ext ract t he spin polarization reliably. Anot her
ferromagnetic Co40 Fe40 B20 sample is measured by

595



半　导　体　学　报 第 27卷

an Nb tip ,for which the dip st ruct ure cannot be
observed and t he spect rum is t hermally broadened ,
possibly by t he diff usive t ransport . Therefore , to
get reliable spin polarization information by the
PCAR met hod , not only a smoot h , sharp , ballistic
contact ,but also an improved t heory t hat includes
real material2related mechanisms is needed.
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一种用于制备安德鲁反射样品的新方法 3

王天兴1 　魏红祥1 　任　聪1 　韩秀峰1 ,­　Clifford E2 　Langford R M2 　Bari M A2 　Coey J M D2

(1 中国科学院物理研究所 磁学国家重点实验室 , 超导国家重点实验室 , 北京　100080)

(2 圣三一学院物理系 , 都柏林　2 , 爱尔兰)

摘要 : 提供了一种用于安德鲁反射测量样品制备新方法.该方法采用聚焦粒子束刻蚀和磁控溅射 ,可以获得可控
的、干净的、无应力的纳米接触用于自旋极化探测.所制备的样品中 ,磁性和非磁性材料样品的反射谱都表现出复
杂的峰和谷结构 ,这些结构可能源于与界面相关的零偏压反常以及与激发态相关的准离子相互作用.对另一个
Co40 Fe40B20合金样品采用简单的钕针尖压针方法进行了对比性测量 ,反射谱中没有观察到谷结构 ,但谱结构出现
较明显的热扩展 ,这种热扩展可能来源于界面处的非弹性输运.所有的反射谱目前还不能由现有的理论给出令人
满意的解释 .利用点接触反射方法获得可靠的自旋极化信息还有赖于接触界面特征的进一步分析.而一个更切合
实际的、更完善的理论成为迫切的需要.

关键词 : 点接触安德鲁反射 ; 可控的 ; 自旋极化
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